The effects of two different external carbon sources (acetate and ethanol) and electron acceptors (dissolved oxygen, nitrate, and nitrite) were investigated under aerobic and anoxic conditions with non-acclimated process biomass from a full-scale biological nutrient removal-activated sludge system. When acetate was added as an external carbon source, phosphate release was observed even in the presence of electron acceptors. The release rates were 1.7, 7.8, and 3.5 mg P/(g MLVSS·h) (MLVSS: mixed liquor volatile suspended solids), respectively, for dissolved oxygen, nitrate, and nitrite. In the case of ethanol, no phosphate release was observed in the presence of electron acceptors. Results of the experiments with nitrite showed that approximately 25 mg NO 2 -N/L of nitrite inhibited anoxic phosphorus uptake regardless of the concentration of the tested external carbon sources. Furthermore, higher denitrification rates were obtained with acetate (1.4 and 0.8 mg N/(g MLVSS·h)) compared to ethanol (1.1 and 0.7 mg N/ (g MLVSS·h)) for both anoxic electron acceptors (nitrate and nitrite).
Introduction
In the field of wastewater treatment, biological nutrient removal (BNR) processes have been accepted as the most economical and sustainable technology for simultaneous nitrogen and phosphorus removal. One of the key aspects of BNR processes is the presence of available biodegradable organic carbon, which is essential for providing an electron donor for denitrification and energy for enhanced biological phosphorus removal (EBPR). However, the supply of biodegradable organic substrates in the influent wastewater, required for both processes, is normally insufficient. In many cases, external carbon sources are usually added to achieve satisfactory overall BNR performance and low effluent levels for nitrogen and phosphorus. Acetate is an efficient external carbon source for denitrification as well as a preferred carbon source for EBPR. Ethanol is another kind of readily biodegradable compound which has been proven as a carbon source for denitrification (Peng et al., 2007; Li et al., 2008) . Moreover, ethanol has successfully been tested as a substrate for EBPR; however, a long acclimation period (50-140 d) was required (Puig et al., 2008; Wang et al., 2013) .
In the BNR-activated sludge systems, the external carbon sources also interact with the EBPR process. The EBPR process is based on the enrichment of activated sludge with polyphosphate accumulating organisms (PAOs), usually under sequential anaerobic and aerobic (or anoxic) conditions so that the electron donor (organic matter) and the electron acceptor (dissolved oxygen (DO) or nitrate) are physically separated (Metcalf & Eddy Inc. et al., 2003) . However, the mechanisms of PAOs are not yet fully established under conditions that differ from the classical anaerobic/aerobic (or anoxic) conditions, e.g. in the presence of both electron donor and electron acceptor. Several studies have focused on the effect of the simultaneous presence of both acetate (electron donor) and DO (electron acceptor). Guisasola et al. (2004) observed that PAOs behave in a similar way under aerobic conditions in the presence of acetate to the classical anaerobic/aerobic cycle of the EBPR process. Specifically, PAOs are capable of taking up acetate under aerobic conditions, linking this uptake to phosphate release, poly-β-hydroxyalkanoates (PHA) formation and glycogen degradation. Ultimately, when the substrate is depleted, PAOs take up phosphate from the medium linked with PHA degradation, glycogen synthesis, and PAOs growth, achieving a net phosphorus removal (Ahn et al., 2002; Guisasola et al., 2004; Pijuan et al., 2005) . A similar behavior was observed by Swinarski et al. (2009) and Yuan and Oleszkiewicz (2010) in anoxic batch experiments with acetate. Several studies have reported that the effect of the presence of nitrate on P release is related to both the nature of the carbon source (Guerrero et al., 2011) and operational conditions of the reactor (Guerrero et al., 2012) . Guerrero et al. (2011) reported that when the influent COD composition was a mixture of different carbon sources (acetic acid, propionic acid, and sucrose), the anaerobic-anoxic-aerobic (A 2 /O) system, fed with excess of nitrate in the anaerobic reactor, was able to maintain EBPR, even with the internal recycle ratios up to ten times of the influent flow rate and COD limiting conditions. However, EBPR failed when a more complex compound (sucrose) was used as a sole carbon source. This indicates that the nitrate presence has an inhibitory effect on EBPR, not to inhibit the P release process itself but to prevent the fermentation process for volatile fatty acid (VFA) production. Guerrero et al. (2012) found that the operational conditions of the A 2 /O pilot plant selected a PAO population capable of (1) coexisting with nitrate without an inhibitory effect and (2) outcompeting denitrifying bacteria for the carbon source, in contrast to the SBR pilot plant, where nitrate had an inhibitory effect on EBPR.
It should be noted that nitrite is a key intermediate in nitrogen transformations and may play an essential role in the novel treatment process, such as mainstream deammonification. Therefore, nitrite should also be carefully examined as a potential electron acceptor for PAOs in BNR-activated sludge systems. However, a few studies with PAOs have revealed that elevated concentrations of nitrite would negatively affect the activity of PAOs under either anoxic or aerobic conditions, but different threshold values of inhibition by nitrite have been reported in the literature. Meinhold et al. (1999) found that a nitrite level of 6-8 mg NO 2 -N/L completely halted the anoxic P uptake for sludge from a BNR pilot plant. Saito et al. (2004) observed that nitrite concentrations higher than 12 mg NO 2 -N/L reduced the anoxic P uptake rate to 65%. In contrast, Sin et al. (2008) found no inhibitory effect on the anoxic P uptake activity of both sequencing batch reactor (SBR) and membrane biological reactor (MBR) sludge within the studied range of nitrite concentrations (up to 25 mg NO 2 -N/L). Also, Ahn et al. (2001) and Hu et al. (2003) did not find any severe effect on the anoxic P uptake at elevated nitrite concentrations, even up to 40 and 35 mg NO 2 -N/L, respectively.
The factors such as the available carbon source and DO (elector acceptor) have significant impacts on the effective conduct of BNR processes, as confirmed by Smolders et al. (1994) , Guisasola et al. (2004 ), or Pijuan et al. (2005 . The aim of this study was to investigate the effect of not only the parameters mentioned above but also other electron acceptors such as nitrite and nitrate on denitrification and phosphorus removal. Tests take into account the individual effect of the analyzed parameters, as well as unique, simultaneous effects of several factors on the processes carried out under both aerobic and anoxic conditions.
Materials and methods

Origin of the process biomass
The process biomass, used in batch experiments, originated from the "Wschód" wastewater treatment plant (WWTP; 600 000 population equivalents (PE), 1 PE=0.5 m 3 /d) in the city of Gdansk (northern Poland). The biological step of the plant, retrofitted in 2012, consists of six parallel A 2 /O-activated sludge bioreactors and twelve circular secondary clarifiers. In the settled wastewater, concentrations of total nitrogen (TN) and phosphorus (TP) are relatively high, exceeding 80 mg N/L and 15 mg P/L, respectively. The plant meets the most stringent effluent criteria of the European Union Urban Wastewater Directive (Council of the European Union, 1991) for large WWTPs, i.e. TN=10 mg N/L and TP=1 mg P/L.
Laboratory apparatus
The main parts of the experimental apparatus ( Fig. 1) were two parallel batch reactors with a maximum working volume of 4 L. The reactors were equipped with electrodes and probes (WTW, Germany) for a continuous monitoring of pH (SenTix 21), oxidation-reduction potential (SenTix ORP), temperature and DO (CellOx 325). The automated control systems for aeration and heating/cooling allowed maintenance of the DO concentration (under aerobic conditions) and temperature around the set points of 6 mg O 2 /L and 20 °C, respectively. The content of the reactors was mixed by mechanical stirrers at the rate of 180 r/min. Under aerobic conditions, oxygen uptake rates (OURs) were measured in small chambers connected to the main reactors. The measurements were conducted in a controlled, cyclic mode of filling/ emptying with an adjustable length of the measurement phase (3 min assumed in this study).
Batch experiments
Fresh mixed liquor withdrawn from the aerobic zone of the "Wschód" WWTP in Gdansk (northern Poland) was prepared in the batch reactors with the mixed liquor suspended solids (MLSS) concentrations of approximately 4000 mg/L, mixed liquor volatile suspended solids (MLVSS) concentrations around 3000 mg/L, and the resulting MLVSS/MLSS ratio averaged approximately 0.75. The actual MLSS and MLVSS concentrations in each reactor were measured at the beginning of the tests. Several types of batch experiments were carried out, including one-phase experiments under anaerobic, aerobic, and anoxic conditions as well as two-phase experiments under anaerobic/anoxic and anaerobic/aerobic conditions. Two different kinds of external carbon sources, acetate vs. ethanol, were tested under different electron acceptor conditions (DO, nitrate, and nitrite). Under aerobic conditions, the nitrification inhibitor (allylthiourea) was added in the amount of 10 mg/L to inhibit the activity of nitrifiers.
One-phase experiments
In the anaerobic P release tests, acetate or ethanol was added in excess as a sole carbon source for phosphate release. The initial concentration of the readily biodegradable chemical oxygen demand (COD) was approximately 500 mg COD/L and the test was run for 4 h. In the aerobic P uptake experiments, the external carbon source and phosphorus (NaH 2 PO 4 /Na 2 HPO 4 ) were added in the ratio of 10 g COD/g PO 4 -P at the beginning of the test and the test was run for 4 h. In the anoxic P uptake experiments, a source of nitrate (KNO 3 ) or nitrite (KNO 2 ) and the external carbon source were added in the ratio of 6 g COD/g NO 3 -N or 6 g COD/g NO 2 -N at the beginning of the test and the test was run for 4 h. For comparison, a reference anoxic test without the external carbon source was also performed.
Two-phase experiments
In the two-phase (anaerobic/aerobic or anaerobic/ anoxic) experiments, process biomass and acetate were mixed and kept first under anaerobic conditions for 2.5 h. At the beginning of the second phase, the external carbon source (acetate or ethanol) was added to increase the COD concentration by 150 mg COD/L. When the second phase was run under aerobic conditions, the aeration system was turned on to maintain the DO concentration around 6 mg O 2 /L during the entire aerobic phase. When the second phase was run under anoxic conditions, nitrate (KNO 3 ) or nitrite (KNO 2 ) was injected to raise the NO 3 -N or NO 2 -N concentration by 25 mg N/L. The second phase of the experiments lasted for 4.5 h (aerobic) or 3.5 h (anoxic). For comparison, a reference test without the external carbon source in the anoxic phase was also performed.
Sampling frequency and analytical methods
Samples of the mixed liquor were frequently (every 5-60 min) withdrawn from the batch reactors and filtered under vacuum pressure through a 1.2-μm pore size Millipore nitrocellulose filter (Billerica, MA, USA). Concentrations of PO 4 -P, NO 3 -N, NO 2 -N, and COD were determined using a Xion 500 spectrophotometer (Dr Lange GmbH, Berlin, Germany). The analytical procedures, which were adopted by Dr. Lange, followed the standard methods (APHA, 1998). The MLSS and MLVSS concentrations were determined at the beginning of the tests by the gravimetric method according to the standard methods (APHA, 1998) . Free nitrous acid (FNA) concentrations under anoxic conditions were calculated through the nitrite concentration ( 2 NO C ), pH, and temperature, from the following formula (Anthonisen et al., 1976) :
where K a =e −2300/T and T is temperature (K).
Results and discussion
Effects of different carbon sources on the anaerobic behavior of PAOs
Results of the anaerobic P release test with acetate and ethanol are shown in Fig. 2 . With acetate, a nearly complete P release was obtained after 4 h implicitly because the internal level of polyphosphate in the PAOs biomass was very low. The ultimate PO 4 -P concentration reached 84.0 mg P/L. This corresponded to the value of 34.70 mg P/g MLVSS for the specific amount of P released. The observed P release/ acetate uptake ratio, 4 PO Y , was 0.41 g P/g COD (r 2 =0.9887) and 0.43 g P/g COD (r 2 =0.9924) for the initial 90 min and the whole experimental period, respectively. Moreover, it was found in a previous study that the activity of glycogen accumulating organisms (GAOs) is negligible in the studied plant (Swinarski et al., 2012) . The results of a similar experiment with acetate in excess in this work confirm this finding, revealed by the fact that the acetate utilization hardly continued after polyphosphate depletion in the biomass. In contrast, in a similar experiment with ethanol, the specific rate and ultimate amount of P released were very small and reached only 2.44 mg P/g MLVSS and 6.92 mg P/L, respectively. Using process biomass from the same WWTP, Swinarski et al. (2009) also found that ethanol insignificantly induced the anaerobic P release. For comparison, in the study of Puig et al. (2008) , ethanol was dosed to the sludge non-acclimated to ethanol and the PO 4 -P profile followed a similar trend to that in this study. The observed specific amount of P released was a little higher and reached 3.8 mg P/g MLVSS.
Since the non-acclimated biomass was not able to perform suitable EBPR with ethanol, only acetate was used to induce anaerobic P release in the subsequent two-phase batch experiments. In all these experiments, the maximum P release rate was maintained for approximately the initial 90 min because of the sufficient amounts of acetate and internally stored polyphosphate and glycogen in the PAO cells. The average P release rate and P release/acetate uptake ratio from nine experiments were (8.4±0.7) mg P/ (g MLVSS·h) and (0.42±0.02) g P/g COD, respectively, which confirmed the results of the one-phase anaerobic experiment (8.7 mg P/(g MLVSS·h) and 0.41 g P/g COD, respectively). Similar ratios with acetate (0.50 g P/g COD) have also been reported in the literature (Smolders et al., 1994; Puig et al., 2007) .
Effects of different external carbon sources on the aerobic behavior of PAOs and "ordinary" heterotrophs
In the aerobic phase of the two-phase experiments, either acetate or ethanol was added as a sole external carbon source. In the experiments with ethanol, the PO 4 -P profile followed a similar trend to that without any external carbon addition (Figs. 3a and  3c) . In both cases, low PO 4 -P concentrations were achieved at the end of the 4.5-h aerobic phase, i.e. 2.3 vs. 0.9 mg P/L, respectively, for no external carbon and ethanol addition. In the case of acetate, a short lag phase (lasting approximately 30 min) was observed with respect to P uptake. Such PO 4 -P behavior is implicitly related to the effect of simultaneous P uptake due to aerobic conditions and P release because of acetate uptake. In this study, the PO 4 -P uptake rate was faster than the PO 4 -P release rate, achieving a net PO 4 -P uptake and a short lag occurred. This resulted in a higher final PO 4 -P concentration (6.9 mg P/L) than those in the other two experiments. The highest and lowest maximum P uptake rates were obtained for ethanol (12.40 mg P/(g MLVSS·h)) and acetate (9.50 mg P/(g MLVSS·h)), respectively (Table 1) . It seemed that the addition of ethanol as external carbon enhanced the aerobic P uptake by PAOs, whereas the addition of acetate adversely affected the P uptake to a certain extent. The enhancement of aerobic P uptake with ethanol could be related to the P requirements for growth of ordinary heterotrophic organisms (OHOs) based on ethanol as a carbon source under aerobic conditions.
In order to further investigate the behavior of PAOs under aerobic conditions in the presence of the electron donor (acetate or ethanol), the one-phase (aerobic) experiments were carried out (Fig. 4) . In the case of ethanol (Fig. 4b) , however, no PO 4 -P release was observed and P was continuously taken up at the average rate of 2.14 mg P/(g MLVSS·h), with the final PO 4 -P concentration reaching 0.29 mg P/L. The measured OUR kept almost constant during the entire a This rate is related to the initial hour; b This rate is related to the whole anoxic experimental period. P release : P release rate; P uptake : P uptake rate. Data are expressed as mean±standard deviation (n=3) experiment (Fig. 4d) . This can be attributed to the abundance of the soluble substrate which was not fully utilized by the process biomass. The results of Adouani et al. (2010) also revealed a similar, almost constant OUR profile when feeding ethanol as the carbon source.
In the experiment with acetate (Fig. 4a) , P release was observed in the initial 45 min until acetate was depleted. The P release rate was 1.70 mg P/ (g MLVSS·h) and the peak PO 4 -P concentration reached 12.7 mg P/L. Afterwards, when the substrate was depleted, P uptake was observed with a P uptake rate of 2.12 mg P/(g MLVSS·h), a little higher than the previous P release rate (1.70 mg P/(g MLVSS·h)). The final PO 4 -P concentration was 2.5 mg P/L at the end of the experiment. The P uptake rate (2.12 mg P/ (g MLVSS·h)) was almost the same as in the case of ethanol.
Such PO 4 -P behavior confirmed that storage of PHA could also occur under aerobic conditions, provided that suitable readily biodegradable substrates (volatile fatty acids) are available and PO 4 -P is not completely released from the PAO cells. Hence, in the presence of acetate, PAOs tend to behave under aerobic conditions in a similar way to the classical EBPR process occurring under the alternating anaerobic/ aerobic conditions. Similar results have been reported in several studies with acetate-fed under aerobic conditions (Ahn et al., 2002; Guisasola et al., 2004; Pijuan et al., 2005) . Pijuan et al. (2005) tested a response to acetate under aerobic conditions of the same PAOs-enriched biomass with high and low levels of intracellular storage compounds, observing in both cases aerobic P release linked to acetate uptake. However, higher P release/C uptake ratio was observed in the experiment with biomass withdrawn at the end of the aerobic phase where higher level of polyphosphate was present in the biomass. Afterwards, when the substrate was depleted, PAOs took up the phosphate from the medium, achieving a net phosphorus removal. The measured OUR clearly exhibited a biphasic pattern during the experiment (Fig. 4c) , indicating the aerobic storage of acetate in the first phase and consumption of the stored compounds in the second phase. In order to describe this aerobic acetate consumption and PHA storage, two different hypotheses were proposed by Guisasola et al. (2004) including the PAO hypothesis vs. OHO hypothesis. Both hypotheses assume that PAOs, under aerobic conditions, take up acetate coupled to PHA storage, glycogen degradation, and P release as under anaerobic conditions. However, the PAO hypothesis assumes that PAOs are capable of storing acetate as PHA linked to oxygen consumption whereas the OHO hypothesis assumes that this storage is due to the activity of OHOs. Further research is still needed to clarify this issue. 
Effects of different carbon sources and nitrate/ nitrite on the anoxic behavior of PAOs and denitrifying heterotrophs
The behaviors of PO 4 -P, COD, and NO 3 -N/ NO 2 -N in the one-phase (anoxic) and two-phase (anaerobic/anoxic) experiments are presented in Figs. 5 and 6, respectively. The measured anoxic P uptake rates and nitrate/nitrite utilization rates (NURs) are listed in Table 2 .
It should be noted that the behavior of PAOs under anoxic conditions was significantly different when adding acetate or ethanol as the external carbon source. As shown in Fig. 5a , P release was observed during the initial hour when the biodegradable substrate was present under anoxic conditions with nitrate (NO 3 ) as an electron acceptor. Afterwards, when the substrate was depleted, PAOs took up the phosphate from the medium. When nitrite (NO 2 ) served as an electron acceptor (Fig. 5b) , P release was observed during the entire anoxic experiment because the biodegradable substrate was present in the batch reactor until the end of the experiment. In the two-phase experiments, when nitrate served as the electron acceptor, the release of PO 4 -P was initially observed at the rate of 3.70 mg P/(g MLVSS·h), despite high concentrations of NO 3 -N (9-17 mg N/L) (Fig. 6c ). The anoxic P uptake (0.34 mg P/(g MLVSS·h)) was observed once acetate was depleted after approximately 1 h of the anoxic phase (Fig. 6c) . In contrast, insignificant P release occurred with ethanol as the carbon source during both one-phase (Figs. 5c and 5d ) and two-phase (Figs. 6e and 6f) experiments. These observations are in accordance with the conclusion of Guerrero et al. (2011) that the availability of VFA is the key factor in triggering the EBPR activity and the complex compound (e.g. ethanol) must be fermented to VFAs to maintain the EBPR activity. When nitrite was used as the electron acceptor, a significant P release was also observed despite high concentrations of NO 2 -N (12-20 mg N/L) during the entire anoxic phase with the addition of acetate (Fig. 6d) . The P release rate in the initial hour under anoxic conditions was 3.70 mg P/(g MLVSS·h), the same as the case when nitrate was used as the electron acceptor. Afterwards, the P release rate in the remaining anoxic 
cycle with nitrite was decreased to 0.53 mg P/ (g MLVSS·h). The overall amount of P released reached 5.02 mg P/g MLVSS with nitrite, 35.7% higher than the amount of P released with nitrate (3.70 mg P/g MLVSS). When nitrite served as the electron acceptor with ethanol, no P uptake was observed and much lower P was released in the absence of any external carbon (0.31 mg P/(g MLVSS·h)) (Fig. 6b ) or in the presence of ethanol (0.65 mg P/ (g MLVSS·h)) (Fig. 6f) . These results suggest that the non-acclimated PAOs are not able to use nitrite under anoxic conditions with the tested initial NO 2 -N concentration of approximately 25 mg NO 2 -N/L. In the literature, high concentration of nitrite has indeed been reported to be a severe inhibitor of the anoxic P uptake by PAOs (Meinhold et al., 1999; Saito et al., 2004) . However, some recent studies reported that the protonated species of nitrite, FNA, rather than nitrite itself, is likely the actual inhibitor of the microbial activity in BNR systems, including the PAOs responsible for the anoxic phosphorus uptake, depending on the concentration of nitrite, operating pH, and temperature (Zhou et al., 2007 (Zhou et al., , 2008 . At a temperature of 20 °C and initial pH of 7.2-7.4, the calculated FNA concentrations for the initial 1.5 h of the anoxic phase in the two-phase anaerobic-anoxic experiments with acetate and ethanol were in the range of 0.0014-0.0032 and 0.0015-0.0027 mg FNA/L, respectively (Figs. 6d and 6f ). The literature data (Zhou et al., 2007 (Zhou et al., , 2011 suggest that the FNA inhibition could occur during the experiments. Zhou et al. (2007) reported that the anoxic P uptake activity of PAOs was inhibited by FNA at concentrations in the range of 0.001-0.002 mg FNA/L, which is substantially lower than those in this study. Furthermore, FNA completely halted the anoxic P uptake at 0.02 mg FNA/L. Zhou et al. (2007 Zhou et al. ( , 2011 proposed several mechanisms for the FNA inhibition, including the effect of the enzymes involved, energy production, and nitric oxide (NO) inhibition triggered by FNA inhibition. The extent to which the inhibition mechanism plays a role during FNA inhibition on the anoxic P uptake process is still unclear and requires further research. It is, however, clear that the inhibitory effect of FNA may not be due to a single mechanism or pathway and varies for different microorganisms.
In the one-phase anoxic experiment with acetate and nitrate, the measured NURs averaged 1.4 mg N/ (g MLVSS·h). For comparison, this value is higher than that (1.1 mg N/(g MLVSS·h)) obtained with a full-scale nitrifying sludge at 20 °C (Kristensen et al., 1992) and in the range of 1-3 mg N/(g MLVSS·h) at 15-20 °C reported by Kujawa and Klapwijk (1999) for a bench-scale N removing system. However, this value is much lower than the rates reported in several studies for denitrifying systems, in which the NURs remain in the range of 2.8-13.9 mg N/(g MLVSS·h) at 17-21.5 °C (Isaacs and Henze, 1995; Rodríguez et al., 2007; Morgan-Sagastume et al., 2008; Kampas et al., 2009 ). The NUR (1.1 mg N/(g MLVSS·h)) measured with ethanol and nitrate was also slightly lower than the values in the range of 1.6-2.5 mg N/ (g MLVSS·h) reported in other studies (Hagman et al., 2008; Morgan-Sagastume et al., 2008) . The possible explanation for the differences of the NURs between this study and other studies is linked to the origin of the non-acclimated biomass and its activity (Kampas et al., 2009) . It should be noted that throughout the one-phase experiments, P release was observed to indicate anoxic consumption of acetate by PAOs until the readily biodegradable substrate was depleted in the batch reactor (Figs. 5a and 5b) . Conversely, significant P release did not occur with ethanol during the one-phase (anoxic) experiments with either nitrate or nitrite (Figs. 5c and 5d) .
In order to evaluate the effect of an anaerobic phase on denitrification, the measurements of NURs under anoxic P uptake were also conducted similarly to other studies (Swinarski et al., 2009) (Fig. 6) . It was found that higher NURs were obtained in the two-phase (anaerobic/anoxic) experiments than those in the one-phase (anoxic) experiments (Table 2) . This is because PHA synthesized by PAOs under anaerobic conditions was utilized by a fraction of PAOs for denitrification in the anoxic phase. In the two-phase experiments with nitrite, the measured NURs with acetate and ethanol averaged 1.2 and 1.0 mg N/ (g MLVSS·h), respectively. Both rates were lower in comparison with those obtained with nitrate as the electron donor (2.3 and 1.5 mg N/(g MLVSS·h) for acetate and ethanol, respectively), but higher than the endogenous denitrification rate (0.7 mg N/ (g MLVSS·h)) obtained without any carbon addition (Table 2) .
Notably, in both one-phase and two-phase experiments with acetate, higher NURs were always obtained compared to ethanol regardless of the electron acceptors. The highest NURs, (2.3±0.1) mg N/ (g MLVSS·h), were observed with acetate and nitrate in the two-phase experiments. This could be explained by the fact that acetate can be directly assimilated by microorganisms, whereas ethanol must be first converted to acetate (Constantin and Fick, 1997) .
Conclusions
The combined effects of different external carbon sources (acetate and ethanol) and electron acceptors (DO, nitrate, and nitrite) revealed significantly different behavior of PAOs and denitrifying "ordinary" heterotrophs in BNR processes. Phosphate release with acetate by PAOs occurred in the presence of electron acceptors (DO, nitrate, and nitrite), whereas no phosphate release was observed with ethanol in the presence of electron acceptors. Regardless of the carbon sources, nitrite inhibited anoxic P uptake in the studied initial concentrations of approximately 25 mg N/L. Furthermore, higher NURs were obtained with acetate than those with ethanol with non-acclimated biomass in the cases of both anoxic electron acceptors (nitrate/nitrite).
